Introduction {#Sec1}
============

Cardiovascular morbidity and mortality are increased considerably in patients with chronic kidney disease (CKD) and those who progress to end-stage renal disease (ESRD) \[[@CR1]\]. More than a third of ESRD patients initiating dialysis has congestive heart failure (HF), a risk which is up to 36 times higher than in the general population \[[@CR2]\]. Another 25% develop de novo HF while on dialysis \[[@CR3]\]. One risk factor for de novo HF is reduced left ventricular ejection fraction (LVEF), thus leading to increased mortality \[[@CR4]\]. While measurement of natriuretic peptides for the diagnosis of HF has been a major landmark in cardiology \[[@CR5]\], diagnostic utility of peptides such as N-terminal pro-B-type natriuretic peptide (NT-proBNP) as biomarkers for HF in ESRD patients is strongly reduced \[[@CR6]\]. Excessively high NT-proBNP levels in ESRD patients without HF are due to both decreased renal elimination and increased prevalence of volume overload, hypertension, and consecutive left ventricular hypertrophy (LVH) \[[@CR7]\]. NT-proBNP is mostly eliminated by glomerular filtration \[[@CR8]\], explaining the strong influence of renal function on NT-proBNP concentrations. We therefore sought for a combination of biomarkers of distinct mechanisms in HF pathophysiology to increase utility for HF diagnosis in patients with ESRD.

Growth differentiation factor-15 (GDF-15) belongs to the transforming growth factor-β cytokine family. It is elevated due to multiple pathologic states including inflammation, oxidative stress, hypoxia, telomere erosion, and oncogene activation \[[@CR9], [@CR10]\]. In contrast to natriuretic peptides, it is not influenced by volume status \[[@CR11]\]. Unlike NT-proBNP, GDF-15 levels are not increased in patients with atrial fibrillation \[[@CR12]\] or decreased in obese patients \[[@CR13]\]. In non-dialysis-dependent CKD patients, GDF-15 release is augmented and predicts mortality and risk of HF \[[@CR14]\]. To the best of our knowledge, there is no information on the predictive value of GDF-15 for HF in patients with ESRD.

Neprilysin (NEP) is an endo-peptidase that degrades natriuretic peptides. Hence, it is increasingly being used as both diagnostic marker and target in HF therapy \[[@CR15]\]. Furthermore, HF with reduced EF (HFrEF) patients receiving a combined angiotensin receptor and NEP inhibitor had lower cardiovascular death rates than patients treated with angiotensin-converting enzyme inhibitors (ACE-I) \[[@CR16]\]. Some studies investigated the prognostic value of circulating NEP (cNEP) as a predictor for mortality and morbidity in HF \[[@CR17], [@CR18]\]. It is known to be associated with adverse cardiovascular events in HFrEF and acute decompensated heart failure \[[@CR17]\] whilst this was not the case for patients with HF with preserved EF (HFpEF) \[[@CR18]\]. cNEP is less impaired by decreased renal function and other comorbidities than NT-proBNP \[[@CR19]\]. In patients with CKD stages 2--4, reduced cNEP activity but not concentration predicted future hospitalization for HF \[[@CR20]\]. Finally, cNEP has not been studied as a diagnostic marker for HF in ESRD patients.

We hypothesized that using GDF-15 and cNEP as markers of distinct mechanisms in addition to NT-proBNP would yield increased performance for HF diagnosis in ESRD patients.

Patients and methods {#Sec2}
====================

Study population {#Sec3}
----------------

The study was registered with clinicaltrials.gov (NCT04061811). A total of 153 patients from two outpatient dialysis clinics and one in-hospital dialysis facility were consecutively enrolled (Aug/2018--Feb/2019). To be eligible for the study, a patient had to be on either chronic hemodialysis (HD) or peritoneal dialysis (PD) for ≥ 3 months. Patients who had previously switched the type of renal replacement therapy from HD to PD or vice versa were excluded. Other exclusion criteria were age \< 18 years and pregnancy. To minimize confounding of circulating biomarkers, patients who had received plasma exchange or apheresis in the past 6 months were excluded. To facilitate unbiased bioelectrical impedance analysis (BIA), patients with unipolar pacemaker and history of whole extremity amputation were excluded. Written informed consent was obtained from all study participants.

Biochemical measurements {#Sec4}
------------------------

Venous serum and EDTA plasma samples were collected from all patients immediately before evaluation of volume status and echocardiography. To correct for changes in inter-dialytic volume status and to avoid confounding of biomarkers by volume overload, we collected blood samples from all patients receiving intermittent dialysis therapy immediately after the respective session. In a preliminary study, measurement of NT-proBNP, cNEP concentration, and cNEP activity demonstrated moderate to good correlation of samples analyzed pre- and post-HD. Where feasible, peritoneal dialysis fluid was sampled simultaneously. Serum and plasma were put on ice and centrifuged (3500RPM, 10 min, 4 °C). Blood and peritoneal fluid samples were stored at − 80 °C until further analysis. Concentrations of NT-proBNP and GDF-15 were measured in serum and peritoneal fluid using commercially available electro-chemiluminescence immunoassays (Roche, Basel, Switzerland) that were performed on a cobas e801 modular analytics system (Roche) \[[@CR21]\]. cNEP (EC3.4.24.11) concentration was measured in plasma and peritoneal fluid using the SEB785Hu ELISA kit (USCN Life Science, Wuhan, China), and cNEP activity in plasma and peritoneal fluid was determined by fluorometry as previously described \[[@CR22]\]. All other biochemical parameters were measured with routine laboratory methods.

Evaluation of volume status {#Sec5}
---------------------------

For each patient enrolled in the study, we performed a thorough evaluation of volume status through clinical examination, lung ultrasound, inferior vena cava diameter measurement, and BIA. For all HD patients and for PD patients on intermittent in-center regimens, information was obtained immediately after a random dialysis session. For PD patients with continuous dialysis delivery, evaluation took place as feasible for outpatient clinic routine. For all patients, greatest care was taken that asservation of blood samples, evaluation of volume status, and echocardiography were performed in immediate sequence and most timely fashion.

We obtained information on presence/absence of peripheral edema, crackles on lung auscultation, dyspnea, inter-dialytic body weight gain, net ultrafiltration volume, and pre- and post-dialytic systolic and diastolic arterial blood pressure. To evaluate crackles, we used the following scale (adapted from Kataoka and Matsuno \[[@CR23]\]): 1, no crackles; 2, uncertain about the presence of fine crackles; 3, definite fine crackles at lung bases; 4, moderate crackles; and 5, bilateral, diffuse crackles. For clinical edema, the following scale was used: 1, no clinical edema; 2, slight pitting (2 mm depth) with no visible distortion; 3, somewhat deeper pit (4 mm) with no readily detectable distortion; 4, noticeably deep pit (6 mm) with the dependent extremity full and swollen; and 5, very deep pit (8 mm) with the dependent extremity grossly distorted.

Lung ultrasound was performed as described previously by the LUST investigators \[[@CR24]\]. Shortly, we screened for ultrasound-B lines at 28 standardized intercostal positions on both sides of the chest. Inferior vena cava diameter was measured at the non-forced end-expiratory phase within the subxiphoid window of the inferior vena cava--right atrial junction.

Finally, BIA was performed using a body composition monitor according to the manufacturer's instructions (Fresenius Medical Care, Bad Homburg, Germany) and only measurements adhering to strict quality control criteria were used. Data were extracted using Fluid Management Tool software v3.3. Total body water (TBW), intracellular water (ICW), extracellular water (ECW) as well as nutritional parameters were evaluated. We corrected ECW values for TBW (ECW:TBW ratio).

Use of echocardiography for diagnosis of congestive heart failure {#Sec6}
-----------------------------------------------------------------

A diagnosis of HF was made on the basis of clinical together with echocardiography findings. The echocardiographic outcome parameter was the composite of either impaired systolic and/or diastolic dysfunction. All studies were acquired following the actual recommendations. Comprehensive echocardiography was performed immediately after BIA using standardized equipment (Philips EPIQ7 with X5-1 transducer) and adhering to a uniform image acquisition protocol. At the end of the echocardiographic record, systolic and diastolic function were evaluated by the cardiologist performing the echocardiography. All echocardiographic data was graded by a second cardiologist who was blinded to the clinical data of the patients. If the adjudicators disagreed, the second adjudicator overruled the first one. LVEF was assessed using the biplane method of disks (modified Simpson's method). Patients with LVEF \< 50% were classified as having systolic dysfunction. Presence of LVH was evaluated using interventricular septum thickness at end-diastole (IVSED), LV end-diastolic diameter (LVEDD), LV posterior wall thickness at end-diastole (LVPWD) to calculate LV mass. LV mass was indexed by body surface area (LVMI). The ratio of early transmitral flow to early mitral annular diastolic velocity (*E*/*eʹ*) was recorded as an index of LV filling pressure. LV diastolic dysfunction was rated using left atrial volume index (LAVI), velocity of early to late transmitral inflow (*E*/*A*), and *E*/*e*ʹ following the actual recommendations \[[@CR25]\]. If analysis of diastolic function was inconclusive, patients were graded as not having diastolic dysfunction.

Statistical analysis {#Sec7}
--------------------

We used IBM SPSS-Statistics v22.0 for data analysis. All tests were two-tailed. *P* \< 0.05 was considered to indicate statistically significant differences. Categorical variables were compared among diagnostic groups using cross-tabulation, continuous variables were summarized by means ± standard deviation (SD) unless stated otherwise. D'Agostino and Pearson omnibus test was used to test for normality. All biomarkers were naturally log-transformed to reduce the effects of distribution skewness. Log-transformed biomarker distributions were standardized to mean = 0 ± 1 SD within sex to account for sex-related differences and to facilitate comparison of effect sizes between biomarkers. *T* tests, ordinary one-way ANOVA, Kruskal--Wallis and Mann--Whitney *U* tests were used for comparison of means as applicable.

Univariate Pearson's or Spearman's correlation was used to relate clinical, BIA, and echocardiographic covariates to biomarkers. Multiple linear regression analysis was used to determine covariates independently associated with biomarkers. We adjusted for the following clinical covariates: age, sex, systolic blood pressure, type of renal replacement therapy, dialysis vintage, net ultrafiltration, clinical volume status score, vena cava inferior diameter, lung comet score, ECW:TBW ratio, Charlson comorbidity index, NYHA class, coronary artery disease, valve disease, hypertension, and drugs such as angiotensin-converting enzyme inhibitors, beta blockers, oral anticoagulants, nitrates, and erythropoietin-stimulating agents.

For biomarker discrimination between congestive heart failure and controls, unadjusted and adjusted associations of log-transformed, sex-standardized biomarker levels with outcome (diagnosis of HF by clinical parameters and echocardiography) were evaluated by univariate and multivariate logistic regression models. Using backward selection, only significant variables (*p* \< 0.05) were kept in the final model and all factors were tested for interaction with biomarkers. NT-proBNP, GDF-15, and cNEP activity were retained in the model, while cNEP concentration was not. Finally, we used different combinations of the retained biomarkers to construct weighted multi-marker scores as described previously \[[@CR26]\]. In short, the sum of sex-standardized log-biomarker concentration weighed by the estimated regression coefficients of the respective biomarker constituted the risk score on a continuous scale. The risk score was used as a continuous predictor in SD units. Clinical covariates + NT-proBNP was used as base model (model 0) for prediction. Prognostic utility was evaluated by Harrell's C-statistic. Incremental prognostic utility of GDF-15 and cNEP activity was assessed by comparing the areas under the curve (AUC) of receiver operating characteristics (ROC) curves after the addition of either GDF-15 (model 1) or cNEP activity (model 2) or both GDF-15 and cNEP activity (model 3) to the AUC of the base model (model 0). Analyses after exclusion of patients with atrial fibrillation yielded similar results.

Results {#Sec8}
=======

Baseline characteristics {#Sec9}
------------------------

Our study sample consisted of 73 patients with HF (*n* = 33 LVEF ≥ 50%, *n* = 24 40--49%, *n* = 16 \< 40%) and 80 controls without HF. Baseline characteristics of the study sample are shown in Table [1](#Tab1){ref-type="table"} and Supplementary Table 1. HF patients were considerably older, had more comorbidities, and demonstrated more volume overload: they had higher edema, lung comet and dyspnea scores, a higher ECW:TBW ratio, and required more net ultrafiltration on dialysis to reach their dry weight. Moreover, remaining post-dialysis overhydration was more pronounced in HF patients than controls.Table 1Patient characteristicsCharacteristicControls (*N* = 80)HF (*N* = 73)*P*Age, years (mean ± SD)56.6 ± 18.264.3 ± 16.2**0.008**Gender, male (%)52 (65.0)43 (58.9)0.505Height, cm (mean ± SD)171.5 ± 10.7169.8 ± 11.10.356Weight, kg (mean ± SD)77.2 ± 20.872.7 ± 16.40.161BMI, kg/m^2^ (mean ± SD)26.1 ± 5.825.1 ± 4.50.257BSA, m^2^ (mean ± SD)1.90 ± 0.301.84 ± 0.250.179Heart rate, bpm (mean ± SD)75.7 ± 13.074.7 ± 15.40.455Systolic BP^a^, mmHg (mean ± SD)122.7 ± 24.2131.3 ± 24.80.051Diastolic BP^a^, mmHg (mean ± SD)70.5 ± 17.671.7 ± 14.10.498Renal replacement therapy, *n* (%) HD54 (67.5)53 (72.6)0.597 PD26 (32.5)20 (27.4)HD characteristics Dialysis access, *n* (%)0.458  Fistula46 (85.2)42 (79.2)  Catheter8 (14.8)11 (20.8) Systolic BP pre-HD (mean ± SD)131.4 ± 22.2136.0 ± 24.90.236 Delta pre--post-HD systolic BP (mean ± SD)13.7 ± 19.48.8 ± 16.90.227 Interdialytic weight gain, g (mean ± SD)1497 ± 10881443 ± 10160.987 Blood flow rate, ml/min (mean ± SD)243 ± 25246 ± 350.985 Ultrafiltration rate, mL/h/kg (mean ± SD)4.7 ± 3.44.8 ± 3.30.664 Net ultrafiltration, mL (mean ± SD)1451 ± 10691393 ± 9941.000PD characteristics Regimen, *n* (%)0.364  APD14 (53.8)14 (70.0)  CAPD12 (46.2)6 (30.0) Ultrafiltration rate, mL/h/kg (mean ± SD)0.3 ± 0.30.6 ± 0.4**0.045** Net ultrafiltration, mL (mean ± SD)593 ± 398954 ± 562**0.026**Dialysis vintage, months (mean ± SD)47.8 ± 49.767.0 ± 73.00.223Volume status score, 2--10, *n* (%) 251 (63.7)35 (47.9)0.202 319 (23.8)21 (28.8) 48 (10.0)13 (17.8) 52 (2.5)4 (5.5)Auscultation score, 1--5, *n* (%) 167 (83.8)54 (74.0)0.257 210 (12.5)14 (19.2) 32 (2.5)5 (6.8) 41 (1.3)0 (0.0)Edema score, 1--5, *n* (%) 162 (77.5)43 (58.9)**0.045** 213 (16.3)25 (34.2) 34 (5.0)5 (6.8) 41 (1.3)0 (0.0)Vena cava inferior diameter, mm (mean ± SD)13.8 ± 5.215.4 ± 4.590.056Lung comet score (mean ± SD)10.7 ± 20.716.6 ± 19.3**0.003**Dyspnea score, *n* (%) 151(63.8)31 (42.5)**0.040** 214 (17.5)21 (28.8) 312 (15.0)13 (17.8) 43 (3.8)8 (11.0)NT-proBNP, pg/mL (mean ± SD)7345 ± 16,10528,063 ± 42,295 \< **0.001**GDF-15, pg/mL (mean ± SD)6822 ± 43659357 ± 7023**0.020**cNEP concentration, pg/mL (mean ± SD)321 ± 120321 ± 1140.927cNEP activity, nmol/mL/min (mean ± SD)0.288 ± 0.1420.212 ± 0.131**0.001**^a^For HD patients, blood pressure was measured post dialysis*APD* automated peritoneal dialysis, *BP* blood pressure, *CAPD* continuous ambulatory peritoneal dialysis, *BSA* body surface area, *cNEP* circulating neprilysin, *GDF-15* growth differentiation factor-15, *HD* hemodialysis, *HF* congestive heart failure, *NT-proBNP* N-terminal pro-B type brain natriuretic peptide, *PD* peritoneal dialysis

Biomarkers in patients with and without congestive heart failure {#Sec10}
----------------------------------------------------------------

Mean concentrations of NT-proBNP, GDF-15 and cNEP, as well as cNEP activity by diagnostic group are provided in Table [1](#Tab1){ref-type="table"} and shown in Fig. [1](#Fig1){ref-type="fig"}a. Compared to controls, HF patients demonstrated increased circulating levels of NT-proBNP (*p* \< 0.001) and GDF-15 (*p* = 0.014), while cNEP concentration was similar (*p* = 0.818). cNEP activity was significantly lower in HF vs. controls (*p* \< 0.001). Of note, controls had noticeably elevated NT-proBNP and GDF-15 levels above the reference range for the general population. In a preliminary study, NT-proBNP, cNEP concentration as well as cNEP activity showed moderate to good correlation before and after HD (Supplementary Fig. 1).Fig. 1Biomarkers in patients with HF and controls. **a** The graph shows Tukey boxplots, *p* for *T* test of normalized log-transformed values. **b** NT-proBNP is freely permeable across the peritoneal membrane, while cNEP is not, as demonstrated by correlation analysis of dialysate with serum or plasma concentrations of NT-proBNP and cNEP; *r* for Pearson's correlation. *Act.* Activity, *conc.* Concentration, *MW* molecular weight

Considering the broad spectrum of molecular weight between NT-proBNP (8.5 kDa), GDF-15 (35 kDa), and soluble cNEP (110 kDa) in a subgroup of patients. We evaluated permeability of the peritoneal membrane for these biomarkers. The peritoneal membrane was easily permeable for the low-molecular-weight NT-proBNP and correlation with serum levels was highly significant (*r* = 0.998, *p* \< 0.001), while dialysate detectability and correlation with plasma concentrations were poor for both GDF-15 (*r* = 0.548, *p* = 0.008) and for the relatively high-molecular-weight cNEP (*r* = − 0.194, *p* = 0.134) (Fig. [1](#Fig1){ref-type="fig"}b).

Clinical correlates of biomarkers {#Sec11}
---------------------------------

Univariate and multivariate clinical correlates of each biomarker in the entire sample are shown in Supplementary Table 2. Independent correlates of higher NT-proBNP were older age, higher dialysis vintage, higher lung comet score, comorbidity, and NYHA class as well as history of valve disease. While GDF-15 and cNEP activity remained correlated to NYHA class in multivariate analysis, there were no correlations for cNEP concentration.

BIA and echocardiography correlates of biomarkers {#Sec12}
-------------------------------------------------

In univariate analyses of biomarker correlation with BIA and echocardiographic variables (Table [2](#Tab2){ref-type="table"}), NT-proBNP and cNEP concentration were correlated with ECW:TBW ratio, while GDF-15 and cNEP activity were not. Both NT-proBNP and cNEP activity were correlated with LVEF, while there was at best a moderate trend correlation for GDF-15.Table 2Bioelectric impedance analysis (BIA) and echocardiography correlates of biomarkersCharacteristicNT-proBNPGDF-15cNEP conccNEP act*r*^a^*Pr*^a^*Pr*^a^*Pr*^a^*P*Bioelectric impedance analysis TBW− 0.0850.2960.0040.964− 0.0930.2550.0030.966 ICW− 0.180**0.027**− 0.0250.759− 0.1320.1050.0340.674 ECW0.0430.5970.0400.621− 0.0340.675− 0.0360.656 ECW:TBW ratio0.400** \< 0.001**0.1010.2160.168**0.039**− 0.1300.110 OH0.363** \< 0.001**0.0750.3600.0870.288− 0.0820.318 LTM− 0.1480.068− 0.0250.756− 0.1390.0880.0380.645 ATM− 0.1060.1920.0000.9960.0300.711− 0.0120.879Echocardiography LVEF− 0.436** \< 0.001**− 0.1390.0900.0140.8690.255**0.002** *E*/*e*ʹ0.486** \< 0.001**0.1320.163− 0.0040.968− 0.295**0.001** *E*/*A*0.1450.132− 0.0910.3430.0930.333− 0.0240.800 LAVI0.376** \< 0.001**0.0710.429− 0.0420.639− 0.1400.115 IVSED− 0.0290.7230.0680.412− 0.0090.9120.0750.367 LVEDD0.257**0.001**− 0.0260.7520.0680.403− 0.178**0.029** LVPWD0.0720.3860.0340.680− 0.0580.483− 0.0560.496 LVMI0.279**0.001**0.0200.8130.0580.486− 0.1280.124 LVH0.1370.0920.0310.707− 0.0160.847− 0.0520.526^a^Pearson's or Spearman's correlation*act.* activity, *ATM* adipose tissue mass, *cNEP* circulating neprilysin, *conc.* Concentration, *E*/*A* velocity of early to late transmitral inflow, *ECW* extracellular water, *E*/*e*ʹ, early transmitral flow to early medial-mitral annular diastolic velocity, *GDF-15* growth differentiation factor-15, *ICW* intracellular water, *IVSED* interventricular septum thickness at end-diastole, *LAVI* left atrial volume index, *LTM* lean tissue mass, *LVEDD* left ventricular end-diastolic diameter, *LVEF* left ventricular ejection fraction, *LVH* left ventricular hypertrophy, *LVMI* left ventricular mass index, *LVPWD* left ventricular posterior wall thickness at end-diastole, *NT-proBNP* N-terminal pro-B type natriuretic peptide, *OH* overhydration, *TBW* total body water

In a further analysis of naturally log-transformed and sex-standardized markers, the prevalence of volume overload was consistently higher with elevated NT-proBNP (56.1--72.2%) compared with patients with low NT-proBNP (34.0--40.9%). Volume overload was most prevalent in patients with increased cNEP activity and NT-proBNP (Fig. [2](#Fig2){ref-type="fig"}a, right upper quadrant, Chi-square *p* = 0.010). Similarly, volume overload was more prevalent with elevated NT-proBNP (60.9--67.7%) compared with low NT-proBNP (30.0--40.0%), regardless of GDF-15 (Fig. [2](#Fig2){ref-type="fig"}c, right upper and right lower quadrants, Chi-square *p* = 0.071). Furthermore, elevated NT-proBNP and decreased cNEP activity (Fig. [2](#Fig2){ref-type="fig"}b, right lower quadrant) demonstrated a 5.2-fold prevalence of LV dysfunction (50.0 vs. 9.6%, *p* = 0.005) compared with low NT-proBNP and high cNEP activity (left upper quadrant). Similarly, both elevated NT-proBNP and GDF-15 (Fig. [2](#Fig2){ref-type="fig"}d, right upper quadrant) indicated a 3.3-fold prevalence of LV dysfunction (44.7 vs. 13.6%, *p* = 0.048) compared with low NT-proBNP and GDF-15 (left lower quadrant).Fig. 2Distribution of volume overload (**a + c**) and systolic dysfunction (LVEF \< 50%) (**b** + **d**) according to the circulating concentrations of NT-proBNP and either cNEP activity (**a** + **b**) or GDF-15 (**c** + **d**). Values of NT-proBNP, cNEP activity, and GDF were naturally log-transformed and sex-standardized. Groups were divided into quadrants according to the medians of resulting *Z* scores (represented by lines). Percentages refer to the prevalence of volume overload (**a + c**) and LVEF \< 50% (**b + d**) per quadrant

Diagnostic value of biomarkers and multi-marker models {#Sec13}
------------------------------------------------------

In multiple logistic regression analyses of a clinical base model supplemented with NT-proBNP and other multi-marker models, we determined that biomarkers NT-proBNP, GDF-15, and cNEP activity provided strong diagnostic value for HF, while cNEP concentration did not (Table [3](#Tab3){ref-type="table"}). Severe valve disease and previous history of HF provided strongest discrimination between HF and controls. Among models 0--3, a combination of clinical covariates supplemented with information on sex-normalized log-transformed NT-proBNP, GDF-15 and cNEP activity (model 3) provided the best diagnostic value for HF, with an odds ratio of 3.822. In analyses comparing the areas under the curve (AUC) of receiver operating characteristics (ROC) curves (Fig. [3](#Fig3){ref-type="fig"}), we show that the addition of biomarkers GDF-15 and cNEP activity, either alone (models 1 and 2) or combined (model 3), increased the combined explanatory power of the base model consisting of clinical covariates and NT-proBNP (model 0): Compared to the base model (AUC~model 0~ = 0.785), we found a significant incremental increase for the diagnostic value of HF with addition of GDF-15 (AUC~model 1~ = 0.814, *p* = 0.015), cNEP activity (AUC~model 2~ = 0.843, *p* \< 0.001), and both GDF-15 and cNEP activity (AUC~model 3~ = 0.902, *p* \< 0.001), respectively. Model 3 was superior to both models 1 and 2 (p \< 0.001 vs. AUC~model\ 1~ and vs. AUC~model\ 2~). Subgroup ROC curve analyses demonstrated similar but slightly better discrimination in PD (AUC~model 3~ = 0.923) compared to HD patients (AUC~model 3~ = 0.892). Also, model 3 still delivered best results compared to models 0--2 when distinctly analyzing systolic (AUC~model 3~ = 0.929) or diastolic HF (AUC~model 3~ = 0.869) vs. controls (Supplementary Fig. 2).Table 3Multiple logistic regression analysis of factors used for differentiating between patients with and those without heart failurePredictorOR (95% CI)*P*Clinical base model Age^a^1.026 (1.007--1.046)0.007 Dyspnea score1.385 (1.095--1.753)0.007 Systolic BP^a^1.015 (1.001--1.028)0.034 Charlson comorbidity index1.180 (1.050--1.324)0.005 Previous history of HF3.470 (1.565--7.696)0.002 Severe valve disease4.388 (1.171--16.444)0.028 ECW:TBW ratio2.634 (1.367--5.075)0.004Model 0^b^: clinical + NT-proBNP2.505 (1.630--3.847) \< 0.001Model 1^b^: clinical + NT-proBNP + GDF-152.730 (1.801--4.139) \< 0.001Model 2^b^: clinical + NT-proBNP + cNEP activity3.010 (1.965--4.613) \< 0.001Model 3^b^: clinical + NT-proBNP + GDF-15 + cNEP activity3.822 (2.388--6.117) \< 0.001^a^ The odds ratio for age and systolic BP represents the exponent for each year of age and each mmHg in the logistic equation, respectively^b^Models 0--3 denote the clinical base model supplemented with respective information on sex-normalized log-transformed biomarkers*BP* blood pressure, *cNEP* circulating neprilysin, *CI* confidence interval, *ECW* extracellular water, *GDF-15* growth differentiation factor-15, *HF* congestive heart failure, *NT-proBNP* N-terminal pro-B type natriuretic peptide, *OR* Odds ratio, *TBW* total body waterFig. 3Comparison of areas under the receiver operating characteristics (ROC) curves for prediction of congestive heart failure. Models 0--3 denote the clinical base model supplemented with respective biomarker information, *p* \< 0.001 for ROC curves of all models against line of no information. Model 3 demonstrated the largest AUC with 0.902 (95% CI 0.857--0.947) and provided incremental predictive utility over model 0 (*p* \< 0.001), model 1 (*p* \< 0.001), and model 2 (*p* \< 0.001), respectively. Biomarker cutoff values in the insert represent the best relation between sensitivity and specificity (circle). The clinical base model included the following covariates: age, dyspnea score, systolic blood pressure, Charlson comorbidity index, history of congestive heart failure, history of severe valve disease, and extracellular to total body water ratio

Discussion {#Sec14}
==========

In this study, we examined the value of NT-proBNP, GDF-15, and cNEP concentration as well as cNEP activity for the diagnosis of HF in ESRD patients on dialysis. A multi-marker model combining clinical covariates, NT-proBNP, GDF-15, and cNEP activity provided excellent discrimination between HF and controls. While NT-proBNP is a well-established biomarker for HF in the general population \[[@CR5]\], its applicability is limited in dialysis patients because of decreased renal excretion and volume overload \[[@CR7], [@CR27]\]. To yield information from NT-proBNP for LV function in dialysis patients, correction for volume status and using a very high cutoff value have been proposed \[[@CR7]\]. Adding biomarkers of distinct mechanisms in HF pathophysiology is another avenue to increase sensitivity and especially specificity for HF diagnosis in ESRD patients.

We show that in addition to NT-proBNP, both GDF-15 and cNEP activity differ significantly between HF and controls. Vodovar et al. showed that the biologically active B-type natriuretic peptide directly inhibits cNEP activity but not cNEP concentration in HF patients \[[@CR28]\]. It is known that cNEP activity predicts future hospitalization for HF in CKD patients and that cNEP activity but not cNEP concentration is associated with HF in non-dialysis-dependent CKD patients \[[@CR20]\]. We confirm these findings for the first time in a cohort of chronic dialysis patients. Of note, circulating concentrations of NT-proBNP and GDF-15 in controls were raised remarkably above the upper limit of normal for the general population. Elevation of circulating markers due to decreased renal elimination has been demonstrated previously \[[@CR7], [@CR9], [@CR29]\]. Therefore, we were interested in dialyzability of all three markers. We show that NT-proBNP permeates freely across the peritoneal membrane in patients on PD due to its low molecular size, while GDF-15 and cNEP did not. However, lack of validation of the latter two markers for peritoneal dialysate cannot be excluded as a reason for poor association of plasma and dialysate values. We found that dialysate NT-proBNP levels were around 1/5 of serum NT-proBNP, confirming what has been found in plasma \[[@CR30]\]. Others have shown its presence in dialysate of HD patients and its independence of acute intradialytic events such as hypotension \[[@CR31]\]. Therefore, excessively high NT-proBNP levels in controls are most likely elicited by changes in volume status in these patients. Along those lines, we demonstrate that in ESRD patients, NT-proBNP is well correlated with overhydration and different clinical and BIA measures of volume status.

Adding GDF-15 and cNEP activity to a base model (consisting of clinical covariates and NT-proBNP) resulted in a significant increase of the AUC for the diagnostic value of HF from 0.785 to 0.902. When analyzed singularly, however, neither cNEP activity nor GDF-15 yielded satisfactory discrimination between HF and controls. This indicates that cNEP activity and GDF-15 mostly provided additional orthogonal information for HF diagnosis in settings where NT-proBNP discriminated HF vs. controls insufficiently. Given that HF pathophysiology is very complex in ESRD, it seems reasonable that NT-proBNP alone is not adequate to cope with this complexity \[[@CR32]\]. One reason for this incremental information of GDF-15 and cNEP activity is that NT-proBNP was strongly correlated to volume overload, while GDF-15 and cNEP activity were not, as indicated by BIA and lung ultrasound assessment. Similarly, there is ample evidence for dependence of NT-proBNP concentration on volume status \[[@CR33], [@CR34]\]. In contrast to that, all three biomarkers demonstrated good correlation with LV function. These results indicate that cNEP activity and GDF-15 represent distinct mechanisms of HF pathophysiology and provide additional diagnostic value for HF independent of volume status. As it is known that the prevalence and the dynamics of hypervolemia differ in HD vs. PD patients, in separate sub-analyses we confirmed that our diagnostic model is valid in these two individual patient subgroups with only little differences. Although the algorithm seemed to perform slightly better in PD (AUC~model 3~ = 0.923) compared to HD patients (AUC~model 3~ = 0.892), due to the low sample size we refrained from drawing statistically valid conclusions. Furthermore, we show that model 3 still provided the best discrimination when separately analyzing systolic and diastolic HF, respectively. Slightly lower AUC in diastolic (0.869) vs. systolic HF (0.929) might be due to the fact that the preserved EF in patients suffering from diastolic HF may cause lower levels of the biomarkers studied, possibly leading to slightly less efficient discrimination between controls and HF patients by the multi-marker model.

Our study has several limitations. This was a single-center study with limited sample size. For statistical reasons we did not differentiate between HFrEF, HF with mid-range EF or HFpEF in our analysis \[[@CR35]\]. However, we were able to show that analyses for ROC curves yielded nearly similar results when looking distinctly at either systolic or diastolic HF. Echocardiography records were reviewed by a single experienced cardiologist blinded from the clinical data, different cardiologists performed the echocardiography causing potential inter-observer variability. All other clinical examinations were performed by the same observer.

The multi-marker model for diagnosing HF in dialysis patients presented here may be used in a dialysis outpatient context to determine the presence of HF when echocardiography is not promptly available. To the best of our knowledge, we are the first to detect an additional diagnostic benefit of cNEP activity and GDF-15 over clinical covariates and NT-proBNP for HF in the dialysis population. More studies with larger sample size are warranted to confirm our findings and to improve the understanding of HF pathophysiology in dialysis patients. Better mechanistic knowledge of how cNEP activity and GDF-15 provide volume status-independent diagnostic incremental information for HF may facilitate their clinical use in the dialysis population. Finally, biomarker-driven approaches might promote early HF detection in dialysis patients, thereby reducing cardiovascular mortality in this population \[[@CR36]\].

Electronic supplementary material
=================================

 {#Sec15}

Below is the link to the electronic supplementary material. Supplementary file1 (DOCX 22 kb)Supplementary file2 (PDF 264 kb)

ACE-I

:   Angiotensin-converting enzyme inhibitor

APD

:   Automated peritoneal dialysis

ARB

:   Angiotensin receptor blocker

ATM

:   Adipose tissue mass

AUC

:   Area under the curve

BIA

:   Bioelectrical impedance analysis

BMI

:   Body mass index

BP

:   Blood pressure

CAPD

:   Continuous ambulatory peritoneal dialysis

BSA

:   Body surface area

CABG

:   Coronary artery bypass graft

CI

:   Confidence interval

CKD

:   Chronic kidney disease

cNEP

:   Circulating neprilysin

COPD

:   Chronic obstructive pulmonary disease

CRP

:   C-reactive protein

E/A

:   Velocity of early to late transmitral inflow

ECW

:   Extracellular water

E/e'

:   Early transmitral flow to early medial-mitral annular diastolic velocity

ESRD

:   End-stage renal disease

GDF-15

:   Growth differentiation factor-15

GFR

:   Glomerular filtration rate

HD

:   Hemodialysis

HDL

:   High-density lipoprotein

HF

:   Congestive heart failure

HFpEF

:   Heart failure with preserved ejection fraction

HFrEF

:   Heart failure with reduced ejection fraction

ICW

:   Intracellular water

IQR

:   Interquartile range

IU

:   International unit

IVSED

:   Interventricular septum thickness at end-diastole

LAVI

:   Left atrial volume index

LDL

:   Low-density lipoprotein

LTM

:   Lean tissue mass

LVEF

:   Left ventricular ejection fraction

LVH

:   Left ventricular hypertrophy

LVEDD

:   Left ventricular end-diastolic diameter

LVMI

:   Left ventricular mass index

LVPWD

:   Left ventricular posterior wall thickness at end-diastole

MCH

:   Mean corpuscular hemoglobin

MCHC

:   Mean corpuscular hemoglobin concentration

MCV

:   Mean corpuscular volume

MW

:   Molecular weight

NT-proBNP

:   N-terminal pro-B-type natriuretic peptide

NYHA

:   New York Heart Association

OH

:   Overhydration

OR

:   Odds ratio

ROC

:   Receiver operating characteristics

PD

:   Peritoneal dialysis

PTCA

:   Percutaneous transluminal coronary angioplasty

PTH

:   Parathyroid hormone

SD

:   Standard deviation

TBW

:   Total body water
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